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ABS TRACT 


An experimental investigation was made in the GALCIT Hypersonic 
Wind Tunnel Leg No. 1 to determine the base pressure an static pressure 
on a coneecylinder at a nominal liach number of 5,8 in both one=phase and 
two-phase flow. 

The scope of the investigation was a determination of inter- 
ference data necessary for proper evaluation of base pressure results, 
investigation of the effect of Reynolds number on base pressure, and a 
comparison of experinental and theoretical static pressure distribution 
on a cone-cylinder, 

As has been noted by other investigators, viscous effects in 
hypersonic flow were quite pronounced and demonstrated the increased 


non-linearity of the problems in hypersonic flow. 
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Le INTRODUCTION 


In supersonic and hypersonic flight, it has been found that base 
drag contributes a large portion of the drag experienced by the bodye 
Since only linited data seems to ve available on base pressure in the 
hypersonic speed range, an investigation in this field was undertaken, 
In addition, it was desired to cbtain some static pressure data in which 
condensation of the constituents of the air was a factor, it can be 
easily scen that a hypersonic wind timnel camnot reproduce exactly 
ambicnt conditions experienced in flijsht. Large expansion ratios lead 
directly to low anbient temperatures in the test section — much lower, 
in fact, than aribient tenperatures experlenced at high altitudes. In. 
previous investigatious, tac stym.ation veiperaturs was raised to as 
high a level as practicable so that the test section static texperature 
would not be low enough to pervit coridensation. However, an increase 
in the Mach ntmber corresponds to a larger expansion ratio, wiich in 
turn means an “$ncrease in the temperature drop to static test section 
conditions, It can be appreciated that the altematives possible at 
higher Mach numbery for a wind. tunnel using air are as follows: 

(1) Development of new materials and cooling to withstand very 

high stagnation te:peratures 

(2) Analysis of data with condensation present 

the investigation of the effects of condensation of air upon 
the aerodynanic characteristics at hich Mach numbers has been discussed 
in Refs, 8 and 9, In undertaking the collection of static pressure 
data with and without condensation (also called two-phase and one=phase 


flow), no attempt was made to formulate any theories. It ws desired 





to obtain the infomation so t.ct it would be available to future 
investigatoxwse 

Al) work was done at a nowinal viach number of 5.8 in Leg No. 1 
of the GALCIT Hypersonic wind Turiel. However, the design and materials 
used in the models were chosen so tat they might be used without 
modification in Leg No. 2 at a viach number of approximately 10. 

Before army base pressure detemination could be made, it was 
necessary to obtain interference data at the test Mach number of 5.8, 
Chapnan, in Ref, 1, has specifically stated the need for such inter 
ference data at the higher Mach mmbers,. Briefly, the data was obtained 
by various combinations of sting and side support of the models, The 
various ranifications of this problan will be discussed at creater 


length in the appropriate section. 





Il, EXPERDOARTAL OUDPAT AND PR)CNDURE 


A, Descrivtion of the Wind Tumel and Instrumentation 
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All testing was carried oct in the GALCIT 5% x 5" iypersonic Wind 
Tunnel (leg Ho. 1), wiic: is of tie continuous2y~operating, closed-retum 
type. The required compression ratios were obtained with five stages 
of Fuller rotary compressors, and, when necessary, an additional s tage 
of Insersoll reciprocating compressors, ‘he compressors and all the 
valving were operated remotely from a master conirol panel located 
adjacent to the test section, The air heating system consisted of a 
multiple-pass neat exchanger with superheated steam as the noating 
mediun. The capacity of the systen was such that a stagiation tenper~ 
ature of 300°F was obtainable at a stagnation pressure of 94.9 psia. 

Oil removal was accomplished by cyclone separators after each 
corp ress ion Stages finelyedivided carbon canisters, porous carbon filter 
blocks, and a fibre glass filter, the alr used during the tests con- 
tained approxiriately 2.5 parts per nillion (ppm) of oi] fog ly weights 

Water was removed by a 2200-pound bed of silica gel in the main 
air cirevit, which was reactivated by an integral blowere-heater-condenser 
systen prior to each run. The -axinum water content of the air was kept 
below 100 ppm by weight at all times, the usual content being approxie 
mately 22 ppm. 

The tests were conducted at a nominal Mach number of 5.8, The 
nozzle blocks were designed by the Foelsch nethod with correction 
applied for the estimated boundary layer displacement t!ickness, Static 


orifices at one-inch intervals in the top and bottom nozzle blocks 





pemutted a check with the oricinel nossle calibration to be nade during 
each sun, The results of independent static pressure survovs were utilic ed 
to cetormine axial static pressure variation in the test rhonbus, these 
tests Indicated a negligible variation in the section used, and thus 
obviated any correction for this effect. 

A 32@tube vacuum=-referenced manometer using DC-200 silicone fluid 
was used to reasure all static pressures. Tunnel stagnation pressure 
was measured with a Tate-Rnery nitrogen-balanced gage, and this pressure 
was controlled within >.0h psi by means of a Minneapolis-Honeywell=B row 
circular chart controller, 

The stagnation temperature was measured by a themocouple probe 
located one inch upstream from the nozzle throat. This temerature was 
recorded and controlled by means of a Mimeapolis-Honeywell-Browm circular 
chart controller, All other temperatures necessary for plant operation 
were indicated on a 20=point Leeds and Northrup recomer, 

An optical systen using a BE-6 steady source was used for the 


schlieren photofranhs of tho flow. 


Be Descrintion of the !icdels 
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in this investigation, three models of basic coneecylinder con= 
figuration were used, All models were constructed of stainless steel, 
with silver solder where necessary, thus enabling their use in leg No. 
2 of the ymersonic Wind Tumel as well as leg Hoe 1. 

The nodels shown in Figs. 1, 2, and js were used for the ceter- 
mination of interference data and base pressure data. ‘The shrouds used 
for the tests were slipped over tho sting when needed, Dinensions for 


the shrouds were d/h = 0.5, 0.75, 0.875, and 1.0. The model show in 








Figs. 3 and 5 was usec for the detemination of static pressure in one=- 
phase and two-p.ase flow. 

The basic L/D of the cone-cylinder combination was chosen to be 
the sane as the one discussed in Nef, 1 to facilitate possible canparison 
of the data, The sting diameter was slightly larger than was desirable. 
Howeve:, availabllity and preliminary structural calculations dictated 
the particular choice, On the basis of previous investigations, it was 
felt that sting length would affect the tests to a greater extent than 
Stinc dlaneter, | 

Since a central body support was not available in the tumel, a 
modified rear support system was utilised (Pig. 6), Rear support rods 
were fitted with two collars, the upstroan collar being a cone~cylinder 
conbination, and the sting went through the collars, Set screws in the 
collars were used to maintain the lateral position of the model. 

ror the tests requiring a side support, a modified double wedge 
airfoil section was used, ‘this airfoil was silver soldered to a block 
which was held th a standard insert block on the floor of the tunnel 
(Fige 7). The size of the airfoil was detemined as the optimun wich 
would allow certain features of the design assembly to be incorporated 
Without wuidue difficulty of machining and which would probably, on the 
basis of other results, produce no undesirable acrodynaaie effects. 

All tmeaded Surfaces were copper plated with the idea that it 
would not be necessary to unscrew any parts after having once seated the 
threads, thereoy avoiding leakace around the threads, Subsecua@t leak 
tests showed the necessity of coating the threaded surfaces with Glyptal 
to prevent leakase. The inside of the model shown in Fige 3 was filled 


with Sausreisen cement to provide support for the static pressure lines. 





GC. Test Procedure 
1. Interference Data 


The model shown in Fig. 1 ws sting supported with a d/h = 0.3125. 
The support length from the model base to the upstream tip of the first 
collar was varied from four inc es to eight inches in inerecaits of ane 
inch, the test was conducted under the following conditions: 1, = 200°F ., 
~—* 32.6 psig, ite = 620000 (based upon the nodel length). Tiris pressure 
was used in order to decrease the response tine necessary during the 
testa to obtain an estinate of the eritiesl length, Although it was 
desirable to repeat the test at a lower pressure, subsequent tests showed 
that tno response time would be so creat as w make this unfeasible with 
the present systeme Therefore, the tests at lower nressures were not 
nade, 

he in Ref. 11, the eritical sting leagth is defined as the ‘mini~ 
mum sting length possible for obtaining a base pressure which is 0. o% 
of that obtained with an "infinite" length sting. Also, as in lef. 11, 
the soritical sting length decreases monotonically with increasing 
Reynolds muiber. therefore, with the nethod used, no "feed=up" fron 
the support would be encountered in suvsequent tests if the sting lent. 
were fixed as satisfying the nost critical conditions, naxely, the lowest 
Reynolds nunber.s 

The critical sting length having veen determined, it ws desirable 
to study the effect of varlation of support dimcter. For this, the 
model was sting supported for the various runs, Shrouds were merely 


slipped over tue sting to vary d/h thus: d/h = 0.3125, 0.5, 0.75, 0.875, 1.0. 





The runs were as follows: 


TylPPs) Pp (psig) Re x 107? 
225 32.6 6.89 
150 &O llee 


It should be noted that the first. run was with one-phase fla, 


while the second mm was with tiwoephase flaw. 
2. Base Pressure Data 


For the detemination of base pressure data, the model was sting 
Supported and side supported with and without the dumy sting for the 


various runs. For a constant d/h = 0.3125, the following test rms were 


conducted: 
10°F.) ss pylpsig) == sRe x 1079 

280 32.6 6.20 
280 10 3223 
225 80 14.0 

225 32.6 6.89 
225 10 3.65 
190 80 15.32 


150 80 L7e2 








Je viatic Pressure Data 


With the sting supported model as shown in Fig. 3, tests wore 


conducted in one=phase and twoephase flow as follows: 


T,(°F.) pa (psig) Re x 107? 
225 80 14.0 
225 32.6 6,89 
225 10 3.65 
150 80 Ll7ee 


it should be noted that the two forward orifiices in the model 
shown in Fig. 3 are symmetrical about the acis and were used to assure a 
zero angle of attack for the model in the test section flow. 

Schlieren photographs taken during the tests are shown in Figse 
8 and 9, 





ITZ. DISCUSSION OF RESULYS 


he Sting interference Investigation 
lL. Critical Length of Sting 


The first tests were made to determine the "critical lencth" of 
the sting. Although, in the light of Ref, 11, it was desirable to mm at 
the lowest available Reynolds number, an intemeoediate Reynolds nunber 
involving o py = 32.6 psig was run firste Even with this total 
pressure, response tine was approximately thircuy minutes for each point 
determined. On this basis, it was determined that it would be difficult 
with the present instrumentation to run at the lowest Reynolds number, 
requiring ap, = 1 psige ‘the results of these tests are shown on Fig. 
10. interference from the rear support. on the base’ pressure was f ound 
to be apparently non-existent for a sting length greater than seven 
4nches. On the basis of this infomation, eting shrouds 7.5 inches in 
length were cdfietructed for further determination of interference datas 
Base pressure rs were taken on an Alphatron vacwm gageée 
However, the range of existing pressures was too hirsh to utilize the 
flphatron to the fillest advantage tmt would be possible if presures wre of the 
omer of micrms of mercurye Therefore, it was determined that sub~ 


sequent pressure neasuronents would be taken on the silicone manoncter. 


eo ting Dianeter 


In the socom series of teste the sting diancter was varied to 
determine the effect on base pressure. For this study, shrouds of 


d/h = 0.5, 0675, 0.875, and 1.0 were used to fit over the orijdnal 
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sting. Base pressure neasurenents were taken in one-phase (Tt. i 225°R, ’ 
Py % 3266 psig) and two-phase (1, = 150° ., p, = 80 psig) flow. As 
Stated previously, in taking these and all subsequent measurenents the 
Silicone manometer was utilized, «she results of these tests are show 
on Fige 11. ‘the two-phase flow showed rather conclusively that the 
original sting d/h was small enough to make reasonable the assunptio 
of an absence of interference from the sting dianeter, The evidence 
was not so conclusive in the case of the one=phase flow, The data 
shom was substantiated by subsequent runs, However, due to material 
availability linitations, it was not possible to detemine an inter 
mediate point of d/h between 0.3125 and 0.5. ‘Therefore, the shape of 
the curve in this region could not be detemiined precisely. 

It has been stated in Ref, 6 that there should be a slight 
increase in the negative anowt of base pressure won increasing the 
sting diameter beyond d/h > 0.1. Later tests by Chapman indicate that 
the pemissible ratio is higher than 0.1. Unfortwmately, due to emeri- 
mental Linitations, no results of tie present tests are conclusive as 
to the validity of an actual criterion in this Mach range. 

Reference 2 shows that, for Mach numbers greater than about 3, 

a monotonic decrease in the absolute valve of the base pressure coefficient 
Gan be expected with an increase in support diancter, This conclusion 
was not substantiated in these tests. 

Finally, for structural reasons, the minimum permissible d/h was 
0.3125 in these tests, and we are forced to the conclusion that if any 
interference effect is present, it is small, ‘hus, the results of any 
future tests would have an uncertainty to the extent of this possible 


6rror. 
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Be Variation of Base Pressure with eiolds Number 





The base pressure coerficient was defined as 
G, . — Boo ; 
eo Poo Meo 
In the reduction of data, a nominal Mach mmber of 5.8 was used, This 
was Giosen as representing an average value and obviated the difficulty 
of describing a Nach nwiber in twoephase flow, 

The thin series of tests was to determine the variation in 
base pressure with Reynolds number. Toward this end, tests were con- 
ducted with the following model configurations: 

(1) Sting support alone (d/h = 0.3125, 1/h = 7.5) 

(2) Side support along 

(3) Side support with dumy sting (d/h = 0.3125, l/h = 7.5) 

The results of these tests are plotted as Fig, 12. Comparing 
the results trem the model configuration (2) with those of (3), the 
added effect of the sting was detemiuned. fhis was applied as a 
correction to results from the nodel configuration (1) to obtain the 
final curve, it can be seen that the variation of base pressure with 
Reynolds number is comparatively smali in the particular rage of 
Reynolds numbers attained, Nowever, as was found at lower Mach numbers 
(Ref, 3), the variation is monotonic with increasing Reynolds nwaber, 

it has been stated in Ref, 3 that thin streamlined airfoils 
mounted on the body have little or no effect m hbase — Since 


the side support used in the present tests conformed to the requirenent 


of a thin streamlined airfoil, it would appear that the conclusion 
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Grawn in Ref, 3 must be modified somewhat for the range of Kach and 
Reynolds numbers used during these tests, The use of the side support 
apparently did affect the base pressure considerably, and it would 
appear that the large viscous effects in the hypersonic range would 
probably accowt for this variance. 

the tests conducted in two-nhase flow presented some special 
Gifficulties, liaturally, a question as to the proper Reynolds mumber 
arose, Since at present there does not seem to be an accepted definition 
of effective Reynolds number when condensation is present, the Reynolds 
number based on the model lenrth was calculated from the viscosity data 
as presented in Ref. 15, With the use of this definition of Reynolds 
number, it was found that the base pressure was greater in absolute value 
with all model confiyurations used than would reasonably be exnected 
by an extension of the curve obtained in oneephase flow, As condensation 
occurs, velocity and density remain practically unaltered, while pressure 
and teaperature, are greater than thet with an uneondensed flow as 
discussed in Refs. 8 and 9, and boundary layer thickness is reduced. 
Thus, tic e:fect on base pressure in the present tests would scem to 
substantiate the theory propounded in Refs. & and 9 that condensation 
is increased after an expansion, in this case, as dime flow expanded 
arowxl the base of the model, more constituents of the air condensed, 
thus increasing the temperature and increasing the absolute base pressure, 


wnile decreasing the absolute vaive of the base pressure coefficiat. 
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C. Static Pressure Distribution 


The final series of tests was to cetermine static pressure on a 
cone-cy Linder in onewphase and twoenhase flow, ‘The results are shown 
as Fig. 13. Several interesting trends were noticed, Over the cone 
surface, the pressure was higher nearest the vertex than at other points 
on the cone, ‘his phenomenon has also been observed on wedges in 
hepersonic flow, and it has been postulated ae being dus to an inter=- 
action betsen the shock wave and the boundary layer, the pressure on 
the cone in two=phaso flow scaned to substantiate the theory given in 
Ref, 9. Since the flow passed through a conical shock at the nose of 
we cone, this snock decrwased the flow condensation with a resultant 
decrease in absolute static pressure, While still discussing the 
tiio~phaso flow, the static pressure on the cylinder might well be 
mentioned, ‘he flow expanded around the shoulder which joined the cone 
and the cylinder, thus causing more constituents to condense while 
reducing the botinda ry layer thickness. ‘hese two effects tended to 
compensate for any net pressure change. The increased condensation 
tended to increase the absolute static pressure, while the decreased 
boundary layer thicitmess nade the effective body radius smaller, thus 
permitting creater expansion and ae lower absolute static pressure. 

With regard to the variation of static pressure over the cylinder 
in oneéephnase flow, some interesting results are apparente Potential 
theory shows that tho static pressure ratio could reach sone mininun 
value at the shoulder and then a,proach the free stream condition 


asymptotically. As determined exnerinentally, the static pressure 


Uy 


renained ecsentialiy coustant at the highest Reynolds number used, and 
at the lower Reynolds numbers, static pressure actually decreased alons 
the cylinder, This effect was also noticed in Ref. 14. che phenomenon 
appeared to be due to the viscous effects. As tac stagnation pressure 
decreased, boundary Jayer growth increased. ‘he increased boundary 
layer changed the effective shape of the body at the shoulder and 
resulted in a marked deviation from the theoretical value. Jo determine 
the theoretical values, a mean ilach number was chosen as shown, ‘he 
pressure distribution over the cone was caleulated from Ref, 12, and 
the distribution over the aylincer was calculated by the method of 
characteristics in a@cially-symetric flow es given in Procedure iA of 


Ref. 136 
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Ve CONCLUSIONS 


The following conclusims, based upon the results of these 
tests in the GAICIT 5" x 5" Hypersonic ‘ind Tumiel (Leg Noe 1), appear 
valid: 

(1) The critical length of the sting required to prevent feed~_ 
up in the boundary layer ig approximately seven inches for the present 
test conditions, d/h = 0.3125. 

(2) The effect of varying effective sting diameter is not a 
monotonic variation at a Mach nunber of 5,8, 

(3) Base pressure increases monotonically for the heynolds 
number rance tested. | 

(4) The effect of viscosity is creat enough to change the 
effective shape of the body in the vicinity of the shoulder and thus 
cause 2 noticeable deviatio from the theoretical value in the region 


just behind thé shoulder, 
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FIGURE 4 BASE PRESSURE MODELS WITH SHROUDS 





FIGURE 5 STATIC PRESSURE MODEL SHOWING ORIFICES 
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FIGURE 6 


STING SUPPORTED MODEL IN HYPERSONIC TUNNEL 





FIGURE 7 


SIDE SUPPORTED MODEL IN HYPERSONIC TUNNEL 
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FIGURE 8 


SCHLIEREN PHOTOGRAPH OF CONE 





FIGURE 9 


SCHLIEREN PHOTOGRAPH OF MODEL BASE AND STING SHOWING INTERFERENCE 


(l/h = 4.1) 
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